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Introduction
Ischemic heart disease is one of the leading causes of morbidity and mortality worldwide. Accumulated data have shown that cardiomyocytes (CMs) derived from embryonic stem (ES) cells (ES-CMs) have the potential to replenish the loss of myocardium that occurs in myocardial infarction and other cardiac diseases [1] [2] [3] [4] . However, the spontaneous cardiac differentiation from ES cells is rather inefficient. This obviously limits the application of ES-CMs in cell replacement therapy. Therefore, it is necessary to develop a highly efficient system to produce sufficient numbers of functional ES-CMs.
Recently, many chemical inductors or cytokines such as 5-azacytidine [5] , transforming growth factor-β1 (TGF-β1) [6] and hepatocyte growth factor [7] have been shown to selectively induce cardiac differentiation of ES cells. Although these compounds can support directed differentiation of ES cells to CMs, the efficiency is insufficient for therapeutic applications. Therefore, new ideas and economical methods to enhance the efficiency of cardiac differentiation are still needed.
Baicalin is a well-known cardiovascular protective agent that is isolated from a plant Scutellaria baicalensis [8] [9] [10] . It has been shown that baicalin promotes the in vitro hepatic differentiation of bone marrow-derived mesenchymal stem cells [11] and induces neuronal differentiation of stem cells [12, 13] . However, whether baicalin has a role in the cardiac differentiation of pluripotent stem cells remains unknown.
In the present study, we investigated the effect of baicalin on the in vitro cardiac differentiation of murine ES cells. Our findings suggest that continuous application of baicalin maintains the late-stage functional CMs in embryoid bodies (EBs) derived from murine ES cells. This study describes a new insight into the various biological effects of baicalin on cardiac differentiation of pluripotent stem cells.
Materials and Methods

Ethics Statement
All animal work was conducted according to relevant national and international guidelines and was approved by Hubei Science and Technology Agency .
Cultivation of ES cells and cardiac differentiation
The murine ES cell line D3 (CRL-1934, ATCC, USA) was maintained as previously described [14] . Briefly, ES cells were propagated on a confluent layer of mitomycin C-treated mouse embryonic fibroblasts (MEFs) in high glucose Dulbecco's modified Eagle's medium (DMEM), supplemented with 15% fetal bovine serum (FBS), 2 mM L-glutamine, 1% nonessential amino acids, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.1 mM β-mercaptoethanol and 1000 U/mL leukemia inhibitory factor (LIF, Chemicon, Temecula, USA). Cardiac differentiation was initiated by formation of EBs and removal of LIF as previously described [15] [16] [17] . Briefly, EBs were formed in hanging drops of 400 cells in 20 μl of Iscoves's modified Dulbecco's medium (IMDM) containing 20% FBS, and supplemented with the same additives as described above. After 2 days, the EBs were undergoing a 5-day suspension cultivation. The 7-day EBs were plated on gelatin-coated dishes for adherent cultivation until day 20. 50 μM baicalin (Drug Biology Product Examination Bureau, China) was applied from the beginning of differentiation. Medium was changed every two days. Morphology and beating behavior of EBs were monitored by light microscopy with heating equipment at 37°C. All cultivation medium and other substances for cell culture were purchased from Gibco BRL if not otherwise indicated.
The effect of baicalin on cardiac differentiation was also tested with the genetically modified D3 ES cell line αPIG (clone 44). CMs generated from this transgenic ES cells express puromycin resistance and green fluorescent protein (GFP) under control of the cardiac-specific promoter alpha-myosin heavy chain (α-MHC) [18] . Thus, ES-CMs will be GFP-positive enabling discrimination of ES-CMs from non-CMs in intact EBs. Transgenic ES cells were differentiated in a "mass culture" system [19] . Briefly, 1×10 6 ES cells were added in differentiation medium as described above and maintained on a shaker for two days. Then, 1000 EBs were added to 14 ml of the fresh differentiation medium per 10 cm plate, and were kept on the shaker
RT-PCR and real-time RT-PCR
Total RNA was prepared from differentiated EBs using Trizol (Invitrogen) according to the instructions of the manufacturer. The total RNA (2 μg) was reversely transcribed into cDNA using oligo (dT) primer and ReverTra Ace reverse transcriptase (Toyobo, Japan). For RT-PCR, 1 μl of cDNA was used as the template. The cycling conditions consisted of an initial denaturing time of 5 min (at 95°C) followed by 29 cycles of denaturation at 95°C for 30 s, annealing at (Tm-3) of each gene for 30 s, and extension at 72°C for 45 s, and a final extension at 72°C for 5 min. The PCR products (10 μl) were separated by agarose gel (2%) electrophoresis, the density of the products was quantified using ImageJ software version 1.38 (NIH Image). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for the internal normalization. For each transcript, 3-5 independent experiments were analyzed.
Real-time PCR was performed in the Mx3000P real-time PCR system (Stratagene, USA) using SYBR Premix Ex Taq (TaKaRa, Japan). Amplification was performed with the following program cycle: step 1: 95°C for 30 s; step 2: 40 cycles of 95°C for 5 s, 60°C for 20 s, and finally ending with a melting curve acquisition. CT values were automatically obtained. Relative expression of mRNA amount was calculated using the ∆∆CT method [20] . The primers used for RT-PCR and real-time PCR are listed in Table 1 .
LDH release Assay
The cytotoxic effect of baicalin was assessed by the lactate dehydrogenase (LDH) release assay which was performed according to the instructions of the manufacturer (CytoTox-ONE TM Assay Kit, Promega, Germany). Briefly, after equilibrating at room temperature, 50 μl of medium collected from baicalin-treated and control EBs and 50 μl of CytoTox-ONE TM reagent (Promega, Germany) were added into each well of a black flat-bottom 96-well plate (Greiner, Germany), and incubated at room temperature for 10 min. Reactions were terminated by adding the stop solution, and the fluorescent signal was measured in the GENios Pro Microplate reader (TECAN, Switzerland) using filters with the excitation at 570 nm and emission at 612 nm.
Freshly prepared differentiation medium served as negative control.
Detection of apoptotic cells in intact EBs
Intact EBs of transgenic αPIG44 ES cells at day 14 were fixed in 4% paraformaldehyde at room temperature for 20 min, washed with PBS and embedded in Tissue Tek OCT (Sakura Finetek Japan Co., Ltd., Tokyo). After cryoslicing (5 μm), cryosections were placed on silanized slides. The primary antibody antiactive caspase 3 (ab13847, 1:800, Abcam, UK) was visualized by anti-rabbit IgG1-Alexa Fluor 555 (A21430, 1:1000, Invitrogen, Germany). Nuclei were stained with Hoechst 33342 (Sigma-Aldrich, Germany). Stained EBs were imaged by using a Axiovert 200 fluorescence microscope and Axiovision 4.5 software (Carl Zeiss, Germany).
Proliferation of purified ES-CMs
Pure ES-CMs were generated from transgenic ES cell line αPIG44 by puromycin selection as described previously [18, 21] . Puromycin (8 µg/mL, InvivoGen) was added at day 9 of differentiation and at day 12 or day 13 puromycin selected ES-CM clusters were collected and enzymatically dissociated into single cells using Trypsin/EDTA. 1×10
5 CMs were seeded per well of fibronectin-coated 48-well plate and underwent further puromycin selection to avoid contamination of pluripotent stem cells with or without 50 µM baicalin. After 24 h of cultivation, the medium was changed to fresh medium with or without 50 µM baicalin supplemented with 10 µM EdU from the Click-iT® EdU Imaging Kit (Invitrogen, Germany). The cells were incubated for 24 h or 48 h under standard culture conditions. The cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 in PBS for 20 min. The rabbit polyclonal anti-GFP antibody (A11122, 1:100, Invitrogen) was added and incubated for 16 h at 4°C. The secondary goat anti-rabbit IgG 647 (A21244, 1:200, Invitrogen) was added for 1 h at room temperature. Cells were washed twice with 3% BSA in PBS and the EdU staining was performed according to the manufacturer's instructions. Nuclei were stained with Hoechst 33342. Finally the cells were washed with MilliQ water and coated with 0.5% DAPCO in 50% glycerol. Images were taken from randomly chosen fields by using the Axiovert 200 fluorescence microscope and Axiovision 4.5 software. The number of proliferating CMs was determined by analyzing the randomly taken images. The percentage of proliferating CMs was determined by dividing the number of EdU and GFP double positive cells by the total number of GFP-positive CMs. The counting was performed independently by three operators.
Proliferation assay of the embryonic ventricular CMs
Pregnant mice (Kunming mice provided by the Center of Animal Experimentation of Tongji Medical College, Huazhong University of Science and Technology, China) were sacrificed at E16.5 post coitum and the embryos were removed. The ventricles of the embryonic hearts were dissected and enzymatically dissociated into single cells as described earlier [22] . 4×10 4 cells per well were seeded in a gelatin-coated 24-well-plate. The cells were used for the proliferation assay 24 h after plating by employing the Cell-Light™ EdU Apollo®567 In Vitro Flow Cytometry Kit (RIBOBIO, Guangzhou, China). Embryonic CMs were identified by staining with mouse IgG anti-α-sarcomeric-actinin antibody (A7811, 1:200, Sigma-Aldrich) overnight at 4°C. The secondary goat anti-mouse FITC-conjugated IgG (SA00003-1, 1:100, Proteintech) was added for 1 h at room temperature. Cells were washed with PBS and the EdU staining was performed. Nuclei were stained with DAPI (1 μg/mL, Sigma-Aldrich). Images were randomly taken by using fluorescence microscope (Nikon, TE2000-S, Japan). The total number of CMs was determined by counting α-actinin/DAPI double positive cells. The number of proliferating CMs was determined by counting the α-actinin/EdU/DAPI triple positive cells.
Electrophysiological recordings
The action potentials (APs) were recorded from spontaneously beating ES-CMs using the whole-cell patch-clamp under current-clamp mode [23] . A coverslip with adhered cells was placed in a temperaturecontrolled (37 ± 0.3°C) recording chamber which was mounted on the stage of an inverted microscope (Zeiss, Germany), and continuously superfused with normal Tyrode's solution consisting of the following components (mM): NaCl, 140; KCl, 5.4; CaCl 2 , 1.8; MgCl 2 , 1; HEPES, 10; and glucose, 10 (pH adjusted to 7.2- at a sampling rate of 10 kHz, filtered at 2 kHz, stored on a computer and analyzed using Clampfit 9.0 and AP For Lym software. The APs were classified using previously described criteria. Isoproterenol (Iso, 1 μM; Sigma) or carbachol (Cch, 1 μM; Sigma) was added to the Tyrode's solution to detect the adrenergic and muscarinic regulation of CMs.
Statistical analysis
Data are expressed as mean ± SEM for at least three independent experiments. Statistical significance was evaluated using paired or unpaired t test where appropriate, p < 0.05 was considered as statistically significant.
Results
Baicalin increases the proportion of CMs in EBs derived from ES cells
The onset of spontaneous beating was observed at day 8, and the percentage of beating EBs increased gradually and reached the peak at day 13 in both groups (Fig. 1A ). There were no significant differences between the groups until day 16. From day 16 to day 20 the percentage of beating EBs remained at the same level as on day 13 in the baicalin group but was gradually decreased in the control group (p < 0.05, n = 5). At day 20, 85.2% ± 7.4% of the EBs treated with baicalin exhibited spontaneous beating compared to 11.2% ± 2.2% in the control group. These results indicate that baicalin prevents loss of ES-CMs in the EBs at later differentiation stages.
We next studied the effect of baicalin on the expression levels of cardiac transcription factors and cardiac specific genes by RT-PCR and real-time PCR. Transcripts of the cardiac transcription factor NK 2 transcription factor related locus 5 (Nkx2.5) were elevated by baicalin at day 20 ( Fig. 1B and C) . The other cardiac transcription factor GATA binding protein 4 (GATA4), T-box 5 (Tbx5) and myocyte enhancer factor 2c (Mef2c) showed no remarkable differences in transcript abundance between baicalin and control variants (Fig. 1B) . Cardiac specific genes α-myosin heavy chain (α-MHC), myosin light chain-2v (MLC-2v) and atrial natriuretic peptide (ANP) were up-regulated at differentiation day 16 and 20 in baicalin treated EBs (Fig. 1B and C) . In addition, flow cytometric quantification of the proportion of α-actinin-positive cells revealed that the percentage of α-actinin-positive cells was significantly higher in baicalin group (38.4 ± 4.7%) than control group (28.5 ± 5.2%) (p < 0.05, n = 5) at day 20 ( Fig. 1D, E) . These data suggest that baicalin increases the relative percentage of ES-CMs at the late stage but does not affect early cardiac differentiation.
CMs derived from baicalin-treated ES cells are electrophysiological intact
We next investigated the electrophysiological properties of baicalin induced ES-CMs by patch-clamp. The APs were classified by the criteria described previously [24] [25] [26] . Typical pacemaker-like, atrial-like and ventricular-like APs were recorded in both groups ( Fig. 2A) . Interestingly, we found that baicalin increased the percentage of ventricular-like and atriallike working myocardium cells while decreased that of pacemaker-like cells (Fig. 2B and Table 2 ). These ES-CMs had well established β-adrenergic receptor and muscarinic acetylcholine receptor signaling pathways, as indicated by typical responses to Iso (1 μM) (Fig. 2C) and Cch (1 μM) (Fig. 2D) . These responses showed no significant differences in the baicalin treated and control cells (Fig. 2E) . The parameters of AP such as maximal diastolic potential (MDP), AP amplitude (APA) and AP duration measured from the maximal depolarization to 90% repolarization (APD90) were not significantly affected by baicalin treatment (Table 2 ). These data demonstrate that CMs derived from baicalin-treated ES cells are electrophysiological intact.
Baicalin decreases the size of EBs by inducing cell death in EBs prior to appearance of beating
In order to determine if the kinetics of EB growth is affected by baicalin, we determined the diameter of EBs grown in suspension in baicalin treated and untreated group. The average diameters of EBs in baicalin group were significantly decreased at all observation time points (Fig. 3A) . The maximal EB diameter was reached at day 11 of differentiation in control group (2.20 ± 0.05 mm, n = 90), and at day 9 of differentiation in the baicalin group (1.53 ± 0.03 mm, n = 90).
To determine whether the reduction of EB size is due to cytotoxic effect of baicalin, we measured the concentration of the LDH released by dead cells in the medium of baicalin treated and control EBs. At day 2 of differentiation, similar amount of LDH was detected in the medium of both groups. However, at day 4 of differentiation baicalin treated EBs released 11-fold more LDH into the medium than control EBs. At day 6 the LDH release in baicalin group declined compared to day 4 but was still significantly higher (2.5-fold) than in control group (Fig. 3B) . In the following days the LDH release in baicalin group gradually decreased below the values obtained at day 2. Interestingly, the LDH release in the control group increased and became significantly higher than that of the baicalin group at day 12 and 14 of differentiation, possibly due to increased cell death caused by insufficient nutrient supply in large EBs. 
In order to assess whether the cytotoxic effect of baicalin is limited only to non-CMs, we performed the immunohistological stainings for active caspase 3 in sections of intact EBs at Table 2 . Action potential properties of murine ES-CMs. Data were presented as the mean ± SEM. n indicates the number of cells tested from 4 independent differentiations. There was no significant difference between MDP, APA and APD90 in control and baicalin treatment group. AP, action potentials; MDP, maximal diastolic potential; APA, AP amplitude; APD90, AP duration measured from the maximal depolarization to 90% repolarization in ms. Murine pluripotent stem cells yield a heterogeneous population of CMs [16, 30] . Ventricular myocytes and atrial myocytes are morphologically, molecularly, and functionally distinct from pacemaker cells [31] . Until now, the molecular mechanisms of the formation of the four-chambered mammalian heart are still not fully known. Many transcription factors and structural genes cooperate and interact with each other to precisely control the development and the formation of the chambered heart [31] . Here we found that baicalin up-regulates the Nkx2.5, MLC-2v and ANP at the intermediate and late stages of differentiation. Nkx2.5 is a transcription factor which is important for the differentiation of chamber myocardium [32] . Nkx2.5-deficient mice display normal cardiogenesis but fail to form heart chambers [33, 34] . The expression of MLC-2v is widely used to demarcate ventricular-like CMs [35] . Moreover, ANP was suggested to be used as a marker for differentiation of the working myocardial cells rather than a marker of atrial-like cells in ES cell cultures [35] . It was found that Nkx2.5 interacts physically with GATA4 and acts synergistically to activate the ANP promoter [36, 37] . It was also reported that the expression of ANP is mediated through binding of Nkx2.5 and GATA4/GATA6 on the NKE and GATA sites, respectively [38] . Nkx2.5 and dHAND cooperatively regulated the expression of ventricular specific Iroquois homeobox gene 4 (IRX4) was reported [39] . Therefore, baicalin-induced up-regulation of Nkx2.5 might account for the increase of atrial-like and ventricular-like cells. To address the underlying mechanism, further studies are needed.
The increased proportion of working CMs might be related to: (1) a promoted cardiac differentiation; (2) an enhanced CMs proliferation; (3) and/or a decreased total cell population in differentiating ES cells.
It has been shown that multiple signaling events are involved in cardiogenesis of ES cells, including TGF-β [40] , BMP [41] and Wnt signaling pathways [42, 43] TGF-β is expressed in differentiating ES cells. A recent report showed that TGF-β signaling plays a biphasic role in ES cells cardiogenesis [44] . It promotes mesoderm induction and subsequently inhibits cardiac differentiation specifically. Wnt/β-catenin signaling exerts multiple cellular effects such as increasing cell viability, cell proliferation, and cardiomyogenesis in mouse [42, 45] and human ES cells [43] . However, manipulation of Wnt signaling during ES cell differentiation can either hinder or enhance cardiac differentiation, often leading to apparently conflicting effects. In the present study, we tested the effects of baicalin on all these signaling pathways. Unfortunately, we did not find that baicalin affect the transcript level of TGF-β1/2/3, Wnt and BMP4 from day 0 up to day 16 of differentiation (data not shown). This indicated that baicalin might not interfere with these signaling pathways during differentiation, and therefore the cardiac differentiation was maintained in the present of baicalin.
We found that baicalin induces cell death in the differentiating ES cells at the initial stage of differentiation, which might account for the smaller EB size and the increased percentage of ES-CMs in the remaining cells. At the same time we could show that baicalin treatment maintains a higher percentage of beating CMs at the late stage of ES cell differentiation. Several groups reported that baicalin induced apoptosis of cancer cells [46] and carcinoma cells [47] , via ERK and p38 MAPK signaling pathways. However, baicalin also showed cytoprotective effects on CMs [48, 49] , hepatocytes and neural cells [50] [51] [52] . A latest study reported that baicalin attenuates acute myocardial infarction of rats via mediating ERK and p38 MAPK signaling pathways [48] . In this latest study, baicalin treatment significantly augments the phosphorylated ERK (p-ERK) while dramatically diminishes the phosphorylated JNK (p-JNK) and p38 (p-p38) in rats with myocardial infarction [48] . Therefore, we propose that baicalin selectively induces the death of specific cell types but not CMs in EBs during differentiation, giving rise to smaller EBs with relative higher proportion of ES-CMs. We also hypothesize that other anti-cancer drugs might have similar effects on cardiac differenti-ation. Further works are suggested to better understand the new biological effect of anticancer agents.
A recent study reported that baicalin stimulates the expression of vascular endothelial growth factor (VEGF) in human fibroblasts, human umbilical endothelial cells and human glioma cells under hypoxia or normoxia culture condition and induces microvessel sprouting and angiogenesis in chick aortic arch [53] . Angiogenesis is important for the survival of the transplanted ES-CMs in infarcted area of the heart. Therefore, considering all the previous reports and our findings, we suggest that application of baicalin might be good for cell transplantation to restore the mechanical function after myocardium infarction.
This study provides the first report of the effect of baicalin on the cardiac differentiation of ES cells. Our data demonstrate that baicalin can successfully maintain cardiac differentiation and relatively increase the production of functional working ES-CMs. However, in contrast to other reported chemical compounds [16, 54] , baicalin did not accelerate early cardiac differentiation of ES cells. Additional work is needed to define the optimal time frame for the maximal effect of baicalin on cardiogenesis and to further confirm its effects on human pluripotent stem cells.
